
AD-A28 3 625 0
ARMY RESEARCH WAOjwRAOY

Effect of Variation of the
Angle Between Joined Armor Plates

on Ballistic Shock Attenuation

Ricky L. Grote

ARL-TR-466 June 1994

OTIC
0'iELECTE

AUG2

DTIM QUALITY INSPECTED 8

94-26906 mm""mmm

11 I Bill 11111IIIII! 94 8 2 3 1 09



Destroy thsreport when it Is no longer needed. D0 NOT return It to the orignato

Additional copies of fthi report may us obtaine fromn the Nationa Technical Inlormalion
Service, U.S. Department of Commerce. 5285 Port Royal Road. Springliel, VA 22161.

The fdiqpng of thi report we not to be construed as anm official DepatmetW of die Army
position. unless so designated by oilie authortzed documents.

The use of trade names or manufacturers! names In this report does not constItute
Insement of anry commercial product.



REPORT DOCUMENTATION PAGE [__ N&_______

PWMh f.aiom"a huh. for thes cousamtbat 1"of nfom~tlo. M, ."t- tO .w~g tlfgtpI~Y.scugU un e giwSu~aaV adlgeoiggmmns
gUaemg 0414 meditinfiiflg the aim f~ed. .1 cooff"e Ieung tme cao"-t WAL , . €eoa .icme u mgwor UR edcteo e0tawom aDC Otseh.omed m - Uw
Ooew .Hg wa batSNIU. AitfitJlt. VA zazoa4O.'u. ato te Off iceof tdAleff• h Siet. lkPaglimwOw ll~~mml 'riggs 6mD4tSI. wes.Ai. DClAW)

t. AGENCY USE ONLY (Leve Nank) 1*2. A-PORT DATE 3. Ill TYPE AND DATES COVERED
Jun 1994 I lud, Ja 93.Nov 93

4. TI AND SUBTITLE S. FUDING M 1RS

Effm uf Vaiatim of dh An&le Betwee Joined Armr Plms an SaDistc
Shock Anauo
Shack_ _ _ _ _ _ _ _ _ _ _ _ 4FS92-Y62-63-UMO

C AUTHOR(S)

Rky L GM

7. PERFORMING ORIGANZATION NAME(S) AND ADORESS(ES) I. PERFORMING ORGANIZATION
REPORT NUMBER

U.S. ArMy Rheurck Labamatory
ATT.: AMtL-SL-DS
Abmuer Povwing Onu.., MD 21005-566

3. SPONSORING/MONITORING AGENCY NAME(S) AND ADORESS(ES) 10. SPONSORING/ MONITORING
AGENCY REPORT NUMBER

U.S. AM R uarch Labaoraty
ATTN: A.MSRL-OP-AP-L ARL-TR-466
Abordema Proving Ground, MD 21005-S066

11. SUPPLEMENTARY NOTES

12s. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Anwved far publi rele distribution s aunimed.

13. ABSTRACT (Mazsmum 200 worch)

udc mock uhs buee mcognized by Us vulumlbit mmmuny ma duduin mechuum thy oa
ie f A simple •s U • ayss ftod uoen plmpod and is beingpiusm On.acutr not com ided
o th&i pam is tUe effet o ane vminm betwe welded pm on dmc auan Thb objeact dhis P onch effort

was t demnin if smch - effect exis, and, V so, a desuminadon of de efWa was dsIr1d

Baoh xprinmienml and co mauioi nalyso e won condiatd in am s pm •tinvostigae do dlfectfangle whsion
o mdiock a•enusdm Mild steel and 503 alusminoum wq pium wo rm-mac-ud. e angI M e valomm, in dthe upmaims
nuagd Dore 0C ID 120°, 00 being a flat plusi. A steel bll buowing was wed as = impacting devo and accelmu,-
we used at obtain doe demised experimental daa. ADIA was used for dhe co•mitlonal portion of this effomrt and a

expshnnalconditions wer undyzed via this cods.

As a rmlt of this effort, it was shown that angle varation does have an effem on dwc attemiaon, and algosha•n
we developed dt qamify the effect Work in this are of inaest mIs continue Io fmtber investigm a ese dm offets n
otdr plase mserials and differe welding wechipe Additional effort could ao be plced on analying m efectm
with differifn Inpg type.

14. SUBJECT TERMS 1S. NUMBER OF PAGES

69
blish dmock, tmemation, r. welded plates, aluminum, mild Wel acceleraton is. PaCE CooE

17. SECURITY CLASSIFICATION IS. SECURITY CLASSIFICATION 19. SECURITY CLASSIATIN 20. UMITATION OF ATACT
OF REPORT Of THIS PAGE OF ABSTRACT
UNCLASSIIED UNASSUNNCIASSIFI•)• UL

NSN 7540-01.260-S500 Standard Form 296 (Rev. 2-49)
P OKI by AMU S£1 Z.il
,10-l2



IMMMM~tALLY 11FF DLANIL



ACKNOWLEDGMNTS

It is neceuniy to acknowledge seval individuals without whom this effort would not have boen

posibie. Dr. Jack Vinson is auuowlwedgd for tie guidance he provided dhoughout this effixt.

Mr. John Jacobson meeives my appremadon for providing the opportunity to further my education.

Dr. Bary Bodt prvided consultatve services regardlag data anlyds and eedesign.
Dr. Joseph Smlago and Mr. Fred Gregory provided access to the ADINA code and were available for

comments on the fWnit element wodL Mr. Ted Rdnson is owed my sincerest gradtude for setting up

the data acquisition sysm and for tddng part in the conduct of dte cepimet program.

•NTIS GRA&I,
DT sOC TAB OW

IInan:oced [-
jus if caic•.in ý

Availabillt7 •. doG

Dist •|Spec al

lil ft).



IMfNNWWALLY 1.FF KAMC

iv



TABLE OF CONTENTS

ACKNOWLEDGMENTS .......................................... Hi

LIST OF FIGURES .............................................. vi

LIST OF TABLES ............................................... viii

1. INTRODUCTION ............................................... 1

2. OBJECT V V S ....................................... ... . .. . 2

3. AP ROACC ................................................... 2

4. EXPERDMETAL DESIGN ........... 3

4.1 Tes Matrix ................................................. 3
4.2 Fxp m ebue a Sieup ............................................ 4
4.2.1 Targa llafts .............................................. 4
4.2.2 Teu Stmd ............................................... 6
4.3 Dafa Acquisition Symem ........................................ 7

5. X• MEORIENTAL PROCEDURE .................................... 9

6. COMPUTATIONAL PROCEDURE ................................... 10

7. RXFH UIMENTAL RESULTS ....................................... 15

8. COMPUTATION RESULTS ........................................ 21

9. ANALYSIS .................................................... 27

10. CONCLUDING REMARKS AND FUTURE WORK ....................... 40

II. R M CES .................................................. 43

APPENDIX A: SAMPLE ADINA FILES AND OUTrPUT .................. 45

APPENDIX B: TABULAT ED PRIMANTAL DATA ................... 57

APPENDIX C: FOURThORDER EQUATIONS ......................... 63

DISTRI.BUTION LJ. ............................................ 67

V



IT



LIST OF FIGURES

1. Measurem ent of plate mol ........................................ 4

2. Example of a target plate .......................................... 5

3. Impactad respone poi l ocations ................................... 6

4. Test stand and impacting mech sm ..................................

5. Schematic of data acquisition ystem .................................. 9

6. The drence betwen measured and actual nbound height .................. 14

7. Acceleration vs. time for 0 mild steel plat subjected to load I ............... 16

8. Acceleration vs. time for 300 mild steel plate subjected to load 1 ............... 17

9. Acceleration vs. time for 600 mild steel plate subjected to load I ............... 18

10. Acceleration vL time for 90W mild steel plate subjected to load I ............... 19

11. Acceleration vs. time for 1200 mild steel plate subjected to load 1 .............. 20

12. Acceleration vs. time from ADINA for 0( mild steel plate subjected
to load I ..................................................... 22

13. Acceleration vs. time from ADINA for 30 mild steel plate subjected
to load I ..................................................... 23

14. Acceleration vs. time from ADINA for 60W mild steel plate subjected
to load I ..................................................... 24

15. Acceleration vs time from ADINA for 90W mild steel plate subjected
to load I ..................................................... 25

16. Acceleration vs. time from ADINA for 120' mild steel plate subjected
to load I ..................................................... 26

17. Quadratic function fitted to experimemal data for mild steel plates suected
to load I ..................................................... 30

18. Quadratic function fited to expedmenal data for mild steel plates subject
to loid 2 ..................................................... 31

vii



19. Quadratic function fitted to experimea data for mild steel plaes subjected
to load 3 ..................................................... 32

20. Quadratic function fitted to experimemal data for 5083 aluminum plaes
subjected to load I .............................................. 33

21. Quadratic function fitted to experimental data for 5083 aluminum plates
subjected to load 2 .............................................. 34

22. Quadratic function fitted to experimental data for 5083 aluminum plates
subjected to load 3 .............................................. 35

23. Quadratic function fitted to computationa data for mild steel plates subjected
to all three loads ............................................... 36

24. Quadratic function fitted to computational data for 5083 aluminum plates
subjected to all thd m loads ........................................ 37

25. Attenuation functions for mild stee plates ............................... 38

26. Attenuation function for 5083 aluminum plates ........................... 39

LIST OF TABLES

I. Target Plate Material Prperties ...................................... 5

2. Calculated Impact Durations ........................................ 13

3. Calculated Peak Forcs Based on Experimntal Rebound Height ............... 13

4. Computed Acceleration Values for Each Plate and Load Combination ........... 21

viii



1. INTRODUCTION

Ballistic shock has been recognized as a dmage mechanism capable of causing component failures

in armored combat vehicles. Unfortunately, the vulnerability community has not been able to icorpora

this phenomenon in its predictive models. Historically, the main penetraio and spall have bee considered

as the primary damage mechanisns; recently, however, ballistic shock has gained some atentim as a

lethal mechanism, and the U.S. Army now has a shock protection requirement for armored combat

vehicles (Walton 1989). Thus, the incorporation of shock effects into vulnerability models has become

a priority.

One method of incorporating the effects of ballistic shock into vulnerability codes could be to

construct detailed finite element models of every armored combat vehicle and then somehow transfer the

results to the vulnerability models. This, however, is an impractical approach, and a lower resolution

method has been suggested by Walbert (1991). The fundamental concept behind Walbert's approach is

to analyze a small set of simplified structures that could be used to represent classes of combat vehicles

in an attempt to develop rules of thumb for shock attenuation. These rules of thumb could thn be

compared to experimental data, and as confidence is gained, detail could be added. Another simplification

would be to analyze shock attenuation and propagation along the shortest straight path throgh a vehicle

structure from point of impact to a response point of interest. A straight line analysis, for determining

shock attenuation, has actually been used by Banrt (1975) for developing shock requirements for Viking

Lander components. An important point to note is that both Walbert and Barret were aware of the need

to analyze shock effects at the component level of a system instead of attempting to make a bigger leap

to some sort of loss of system capability or utility. This is important because analyzing to the component

level will allow the results of a shock analysis to be incorporated into vulnerability analyses at the s-me

point as analyses performed for other damage-producing mechandins. The point at which shock modeling

would be incorporated into the vulnerability process is termed the 02 mapping (Klopcic, Starks, and

Walbert 1992). There are four spaces within the vulnerability process as described by Deitz et al. (1990).

These spaces of vulnerability are (1) weapon/arget initial conditions, (2) the set of damaged components,

(3) measures of system performance, and (4) measures of system effectiveness. The 012 mapping is the

method by which one gets from a w interaction to a set of damaged components. In this cas,

the desred mapping is an algorithm that translates the interaction to ballistic shock damage potential for

components.
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It in &M~ one wW=isio hicotpoirme ballistic shock effects in the vulnerability p mr cess usin the
stragh lne appoach mentioned previously, then an additional paruimeter that must be considered is the

attenuation of shock due to welded Joints between armor plates ponioned at various angles. The effect
of angle variation between welded armor plates on shock or, in this case, acceleration attenuation is the

primary subject of this research effort

2. OBJECTIVES

It was the objective of this research effort to answer the following questions:

(1) Is there an effect on shock attenuation due to angle variation between welded plates?

(2) If the answer to the question above is yes, then what is the relationship between attenuation and

the angle at which the plates are conmected?

(3) Is the effect on attenuation due to angle variation constant over a range of plate materials and

impact conditions?

(4) Can simple finite element modeling be used to determine attenuation factors for various plate

configuations?

3. APPROACH

In order to meet the stated objectives, it was decided that both experimental and computational

analyses would have to be conducted for an identical set of impact and target configurations. The analyses

started with a flat plate to obtain baseline acceleration levels and then proceeded to angled plates to

determine attenuation due to the gpometry changes. The flat plate used for determining the baseline

acceleration levels was actually two plates welded together. This was done in an attempt to filter out the

effects the weld material would have on the attenuation. Target material and thickness were representative

of actual armor used in military applications. The impact condition were such that they could be

incorporated into a finite element model with a high level of confidence that they accurately deicted

experimental impact conditions. Additionally, it was decided that the impact conditions would remain in

the elastic range only. This was done to reduce the number of plates required for expermntation since
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plate wit, permnent deformation could nt be used for mom tUm one experiment. One both analye

were completed, th desired relationship between atteznution and angle was obtained, and Me exprimental
results were compared to the COmpaMioM o de•nmine the sppicability of the finite element modeling.

4. EM RIMENTAL DESIGN

There were two ism concerning the experimental design tiat required cnier•tion. Thse isstm

included the following:

(1) Th experimental test matrix would have to allow for sufficient test replications and variatio

of parameters to ensure a good experimental design.

(2) The experimental setup would have to allow for appropriate datamn and collection for

a variety of test conditions.

4.1 Ten Matrix. he fihst task was to determine the test parameters and their variations. Material

type, plate angles, material thickness, and impact conditions were the parmeters initially chosen for
variation. The materials chosen were mild stee and 5083 aluminum. These materials were chosen

because of their availability and the fact that they ae commonly used in the design of armored combat
vehicles. Initially, three material thicknesses (12.7 mm, 19 mim, and 38 mm) were selected because they

represented actual armor thickness on Some current vehicles. Due to quality control probems during
the welding process and resource availability for refabrication of plates, only the 12.7-mm plates were used

for this effort. It was decided that the impact conditions should be varied in the level of the impact force

while using the same impacting device. This would allow the research to investigate the consistency of

the acceleraion attenuation without geting into other issues such as differing imptor chacteristics.

Finally, the pareter of main interest to this study-angle-was to be varied five times from 0( to 1200

by 300 in•cmets. It was felt that this gave a good range of angles and was also representative of typical

armored vehicle geometries. Thus, the matrix ended up with 2 materials, I thickness, 3 impact levels,

5 angles, and 5 replications of each test condition for a total of 150 plamed experiments. Figure I shows

how the plate angles were measured for this exercise.

3



Impact Point

Figure 1. Me 3OUM O INIM10

4.2 xelnna

4.2.1 Target Plates. Mwe design of the target Plates was an importan issue, tha had to be resolve~d
catty im ths effof rt fetarget plan geometry was needed for the cmzainlwaik mad Impacted

greatly on fth epeimental setu. It was decided tha the fiat plates would be twice as long as fthy were

wide with dimensions of 30.5 an x 61 cm (1 ft x 2 ft), Me remaninlg pl's were ftbricated suchdiWh

the outer dimensions of each half of the plates were 30.5 an x 30.5 cm (1 ft square). Thus, the uralW

line distanceonfthesurface of the plate, fmx h m ac locaPk dontod the a re poe poinm zumained P 1 -m

for all plates. M&i was accomnplished byr filling in the weld area with ecess weld mAteia aid then

griding the weld material down unti a straight sharp-edged comner was formed at the connection between

fth two piece of plate matierial. Figure 2 is a photo of an actual wzget plate showing fth shap edge of

an Angle counnection.

The 30.5-cm x 61-cm (I ft x 2 ft) ooverall dimensions wencoe to allow for measurment of

acceleration levels. at the response point. for several microseconds befcm rflecrons hum the plate

boundaries reached the zepnsem poiMt Thu, fth expulimeafs would capture th e fict of do geometry

at the welded joint on shoc attamatlon witmahouanerference from edge reflections or bomndary conditions.

Amo, since the distance between die impsac point and the response point was held mumtat distance

anerwmato efibeas were eliminated. Tabe I p mset mateial pioperty data for the plane.
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Figure 2. Example of a target plate.

Welding rods consisting of 5356 aluminum and carbon steel (tensile strength of 640 MPa) were used for

joining the aluminum and mild steel plates, respectively.

Table 1. Target Plate Material Properties

Material Modulus of Elasticity, E Density, p Poisson's Ratio, v
I__ _ _ _ (gcm3 ) 1

Mild Steel 209 GPa 7.84 0.30

5083 AL 68950 MPa 2.66 0.336

Once fabricated, the target plates had to be prepared for experimentation. The center of each half of

the plates was located and marked. The points directly behind these center points, on the opposite side

of the plates, were also marked. One of the marked points on the front side of the plates was to be the

impact point while the other three locations were to be used for instrumentation. These three locations

were drilled and tapped, using a No. 21 drill bit and a 10-32 tap, to allow for mounting accelerometers.

5



m. gu�ou of a. urns -� am. IKatlap 'ii. usthi moss w ihw a. Ma.
aoodezu.in. Flgwe 3 dxiws a. location of a. ioya� ma raqine palm m a lilate.

Response Point

Impact Point

FIgure 3. Imnact and resoonse noint locations.

4.22 Test Stand. The mounting hardware for a. target plates was an integral putt of a.
experimental setup. A test stand which was capable of holding my of the target plates was designed sal

fabricated for this effort. It was imperative that a. test atarKi be capable of mounting each of the diffeaut
plates so as to eliminate any effects that different test fixtures could have on the experimental results.

This test stand contained three major plates. The base of a. fixture was a mild steel plate measuring
S6cmx8lcmx5crn(22inx321nx21n)thick. Theoa.rtwomalnplatesalsomadeofmildsueel.

were welded to a. base plate in an uprigit position. These two plates measured 61 an x 71 cm x

2.S4annx2IlnxIln)thick. Bothplateshad3O.Scm(lft)rasloescutina.mtoaliowfor

mounting hardware adjustments for fastening the different angled plates.
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In addition to mounting the toar plates, the test stand was also used to support the impacting

mechanism. A two-wire pendulum, with a 2.54-cm-diameter ste! ball bering (70.74 g) attached to the

end. was used as the impacting mechanism for this effort. The ball bearing wa chos to be the impactor
primarily because a half-sine wave loading function has been shown to epreset ball bearing impact

conditions accurately (Walton 1985). The two-wire pendulum was chosen as the delivery mechanism

because it would assure relatively consistent impact ocations, was inexpensive, mad was easily assembled.

Integration of the two-wire pendulum ioo the test fixture design was relatively simple. Two pieces

of flat stock wene attached to the top of the two side plas of the test stand such that they extn&

vertically above the fixtue. Holes were then drilled in each piece of flat stock so that the pendulum winr

could be threaded through and tied off. These holes were placed at I m above the proposed impact height

on the target plates and were also positioned so that the pendulum would be at the bottom of Its arc when

the bail bearing would stike the target plate. Once threaded, the wires were adjusted until the hall bearing

would impact at the center of the target plate at a height of 15 cm above the base of the test stand.

The final addition to the est stand was the release mechanism for the impacting device. It was

recognized that consistent releases of the ball bearing, from accurately measured drop heights, were

essential to the repeatability of the experiments. To accomplish both the consistent releases and the

accurate determination of height, an adjustable protractor was mounted to the test fixture that allowed for

accurate measurement of the angle of the pendulum and incorporated the use of an electromagnet as the

release mechanism. Figure 4 is a photo of the test stand and impacting device.

4.3 Data Acauisition System. Data acquisition requirements for this effort included the memuement

of the ball bearing rebound height after impact for calculating an approximate impact force and the

measurement of acceleration as a function of time at the response point. The rebound height was

approximated through the use of a video camera and a grid board. r accelerometers were used for

each experiment. The first accelerometer was always on the backside of the target plate directly behind

the impact location. This accelerometer was a PCB Model 302A2, and it measured accekration in a single

axis normal to the surface of the plate (z-direction). This transducer was used as a trigger to turn the data

recorder on at the proper time, thus assuring that the acceleration at the response point would be measured

during the appropriate time period. Two accelerometers, a PCB 306A02 biaxial on the front and a PCB

302A2 single axis on the back, were used to measure acceleration levels at the response point. The

7



Fligui 4. Test tand mi kneactna meculdmo

aceleratia data was collectd tluugh a PCB 483303 power suphly and recorded with a Kom

WW700 dam wacusto compuer. be w•re no ffMl added Iwo the data acquisition s n. aluough

the cotained -klz low-pass fi m Accosding to the mifaMctu , both models of

accdeomeus have a rise time of about 10 ps with a range of about 1,000 g's and a roluion of

0.01 's. Thesi e a emeterad a resono fquency of 30k , mand the ulaxial aelm r

bad a reomm fiequency of 8 kHz. A schematic of the data acquisition sysem. is shown In Figur S.
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PCB, 302A02 CLOWER Z)

PC8 3O&A02 CABLE

5. E PERIMETA KONTRCEDRWE0

The la wold dm b clmpe S. pladc ln h ai.eg sn i of data a=too mom Iw

* ~~c-clamps, Te c-clamp were always toiqued at 11.3 N-rn (100 IbI-In). Ne64 lbs radia mge badbet
would be posdaoned at dhe top edge of the phate a piec of rubber was burned between fte plate and te
bacbm, and doe plate wu lmea dem e f bracket usfn two c-clamp, lMe angle badke was dim leau
to do % wea ad by siglMedg the ammon die two thraded Makdsoha pinrudeld duavouth e raWdiaosa
Of the UKa staId
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Owes do vwp Phu was MMMAi do a hr M Wass k~wni tDo PU1 M~,a~kig Me of do
lbadsodf Was. nein t 1mlb IiunuummW cals worn conneted ad to pow supy wo

activased. l1s power v~qy was always allowied to urni up fo a few sebum belbr ePim
commened.

Each tazpt plate was imatdby lb bai bearing which was dropped ftm dine d~fuu bNgeLo

ibis dime Woni~ corretponded to 31r,4P, and 60r hiimmats as mesured by die prabactor dim was

pan of lbe release mechuinim, lebst dioekp, Wonu awe also referred to as leads In ths documnut.
Loads one, two. and dure m, ePovm - to do 300 4?. uan 6W increments mentioned previouy.

Generally, five experimnais were conducted for each drop Im~gL. lMe five repetitions we= conducted
in an attempt to gain confidence in lbe resulting data.

Prior to each impact experiinn, lbe data acquisition system was wanned" so dist data for lbe next

impact on lb target plate would be recorded. lbii 'am1nng process was Amply a maom of puading lb
bigger button on lbe Kontum computer. At dhis point, lb video cinmes was activated, and lbe ball
bearing was dien reeamed.

Owce die impact occurred, lbe acceleastion vs. time dafta for each dhamami was immediately displayed
on fth Kontron's screen. Five chimnels of data were recorded for each impact. lbe five daumls

included lbe z-dbection acceleratdon behsInd lb impact point lbe z-difectian accelertion at lb Fr;qn -e

point, and lbe x-, y-, ared zdixection accelerations measure at lb rePo1;nse point by lbe alauial

acceom etr The data sampling rafte was I dafta point per microsecond, and IA)O dama points were
recorded for each chuneL. Once lbe dama was recorded, it was downloaded to floppy disks for futue,

IMMIALyi

6. COMMtYATONAL PROCEDURE

The Automnatic Dynamic Incremental Nonlinear Analyis (ADINA) finite element pragru was used
to conduct lbdompttoa poition of Uds effort. ADINA-IN was used as lb ep nxcena~ ; ogrnr--n

and AD04A-FIAYF was utilied for post procesining ~nfnnation required by ADDIA so run lb desized

canpuptatior included Plat geometries material Fpuopeul. time amp between calculation.u 1,be 0f

time steps, bomunday condition dumation and ftdreton of Impact, peak forc of impact, aid lb loations
of lbe impact point and lbe Pesp oe point. l1e plate geometries were simply lbe smee as lbe actedl
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-h used bindo ezperhmats-a. Th MSa pnip-aeim lsed wvim a IpuFuueukdeme. Ifl tim as
cho Wse Iu ps. 7bi matchd di. aezpinenual sWoing Mae and Was mnawle dmu te de Mp

mcamemedby ADINA wbka is calculated by usin dac gkfollow ng f rul

L = dinatmo between nodes,

C a qmed of sound duuug zatedal

p - density of matedriandm

E - modulus of elasticty.

For mild sMde. At was calculated to be 3.82 x 104s 9.Md for 5063 alumbum 3.7 x I106 s was calculmatd.

This, 1 x 1Or6 was of the sine order of manitudec but psovided, bette rsoution in doe calcuatla

MWe pea fixce was calculated by using the impulse, equation as dimv in Ua mvfmo(Seaum

Zeninay, and Young 1978). Mae equatio is as follows:

ft Ci FM dT - m (vi - vi), (2)

whele

F l otal force from impsct

m -mass of die Impaceo,

v, Miking velocity, and

Tftm zebonm-or fialveocity.

Mae two veloites anc found by eneaj balace equations Fanm Walto (IM6), doe losdln or focin

fihcdom for a ball bearing impact is a half-sine wave fizucion Dobyns (1981) provides fit foan of mdi

a fanction as follows:
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F~~swi pe aX. w

Aa T AP.

wbm In dft can t, rp 1 t ft dnurmm of tupse

ThW &duri of IPMc sw C*Dbujgd by ft e upmm Shme by Ofeucuk (1982) wad bs n falWM

wad

Me +.- (7)

m,1 a m of Wal bearing

=2m -- Of-PW
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v - akin velocity.

R radius of bail bearn

K, = K for ball bmen mateial.

K2 - Kfor Pla ~tematean~d

v - Poisson's ratio.

Impact durations were calculated for each of the des salking velocities corresp to the fure drop

heigts md each plate material. These durations am tabulated in Table 2.

Table 2. Calculated Impact Durations

Angle of Ball Impact Duration for Wild Impact Duration for
Beafn Drop Steea PtM Mumimm Pte

(0) (5) (5)

30 81.22 x 1046 106.12 x 10"6

45 75.0S x 10 98.10 x le

60 71.19 x 10 93.03 x 1046

Calculated peak forces (FO) for Treesentative experiments for each load amn plate combfinaion ae

presented in Table 3.

Table 3. Calculated Peak Forces Based on Expermental Reboumd Height

PlatMterial and Angle Load I (304 drop), Fo, Load 2 (450 drop), Fo, Load 3 (60Vdrp). F,
(0) (N) (N) (N

MS 0 3,350 5,200 7,170
MS 30 3,275 4,950 7,050
MS 60 3,250 4,975 7,030
MS 90 3,160 5,106 7,0M0
MS 120 3,250 5,148 7,105
AL 0 2,300 3,575 4,910
AL 30 2,219 3,450 4,M50
AL 60 2,300 3.450 4,930
AL 90 2,250 3,500 4,9"
AL 120 2,280 3,550 5,075
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Ma rebound height of the ball bearing a•ler impact was an importn factor in de calculation of die

pek force. k should be noted dtiat de beW of the bhal as een by the video camera was adjusted tD

account for the hal bewaing mid camera not being at the same heighL For example. if the video camera

was positioned lower than the ball bearing, the rebound height as measured on the grid board would be

high. Knowing the height of the camera in relation to the grid board and the bail bearing amd the

horizontal distance between the eim, it was a simple geometry problem to determine die actual rebomnd

height. Figure 6 presents this pictorially.

GRID B ARD

Measured Height

VIDEO CAMERA Actual Height

Camera height

Figure 6. The difference between measumd and actual rebound hdi.

For modeling purposes the impact was assumed to be linear elastic, and shell elements were used to

build the plate geometries. Shell elements were selected primarily due to the fact that an original ivnto

was to look at plates that were quite thick. The ADINA theory manual (ADINA R&D, Inc. 1987) states

that plate elements can be employed to model thin plates, and shell elements can be used for thick or thin

plates. In keeping with the objective of determining whether simple fMie element models could be used

to determine shock attenuation, there was no attempt at modeling weld geometries and materials.

Appendix A contains example of ADINA-IN and ADINA-PLIOT files that had to be generated along with

some sample Outputs.
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7. EXPERIMENTAL RESULTS

It was decided that. for this effort, the acceleration at the response point normal to the surface of the

plase a measured on the back side of the plate was the parameter of interest. This was primary due tD

the fact that shock-sensitive components in armored combat vehicles are mounted inside the vehicle (back

side of armor) and that the normal or z-direction would see the largest deflections. The riaxial

accelerometer on the front side of the plate was used to assure the reliability of the single-axis

accelerometer.

When the results were first gathered for the 12.7-mm steel plates, it was noticed that the results from

the 300 and 90W plates yielded acceleration levels that were significantly higher than for the other plates.

This phenomenon raised serious concerns about the experimental design. welding techniques, etc., and it

did not fall into the expected trend. To investigate further, additional plates joined at 150, 450, and 750

were manufactured and tested. The results from the new plates followed the expected umd and agreed

with the 0, 60%, and 1200 plates. At this point, new 300 and 900 plates were fabricated and tested with

more favorable results. The aluminum plates were tested after the steel plates, and the 900 plate was

refabricated due to the same phenomenon as before.

Figures 7-11 are a set of acceleration-vs.-time plots for the response point as measured by the

single-axis accelerometer. These plots were made through the ,se of a signal processing program called

"DADISP." The plots presented are for the mild steel plates impacted by Load 1 (300 ball bearing drop).

Note that the shape of each plot is similar regardless of the plate geometry. This similarity also held tnre

for the aluminum plates. Also note that these plots only present the acceleration data out to approximately

100 ps. This was due to the fact that beyond this point, reflections off of the plate edges were expected

to reach the response point. Thus, the largest amplitude in the presented time domain was used a the

defining acceleration level for each case. All other sets of plots were similar and, therefore, are not

presented in this document. The defining acceleration levels for each target and impact load condition

experiment are summarized in tabular form in Appendix B. Also of interest was the timing of the signal

arrival at the response point for the 1200 plate as compared to the other plates. In all experimental cases,

the 1200 plates witnessed accelerations at the response point earlier than the other plates, all of which had

similar timing. At this point in time, no explanation of this phenomenon can be offered. A discussion

of signal arrival time as compared to speed of sound travel through the plate materials will be presented

in the computational results section.

15
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Figure 7. Acceleration vs, time for () 0 mild steel Desubiece to load 1.
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Figure 8. Acceleration vs. time for 300 mild steel plate su-biected to load 1I
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Figure 9. Acceleration vs. time for 60 mild steel plate subiected to load 1.
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Figure 10. Acceleration vs. time for 900 mild steel plate subiected to load 1.
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Figure I I. Acceleration vs. time for 1200 mild uel plate subjected to load I.
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8. COMPUTATIONAL RESULTS

Once the rebound heights were obtained, there was sufficient information available to conduct the

computational analysis. Results were plotted and tabulated, for the response point, for each of the impact
and plate configuration combinations. Sample plots of the normal acceleration vs. time are provided in

Figures 12-16. Note that there is always a small dip in the record prior to the positive increase in
acceleration as was the case with the experimental data records.

The time at which the response point began to see accelerations was important as far as validating the

computations was concerned. The time at which the accelerations went positive for the first time
corresponded to the time it would take to travel 30.5 cm (1 ft) through the steel or aluminum at the speed
of sound. It was felt that this was a good check to determine if the finite element code was woiking
properly. The computations were stopped at 86 ps because that was the estimated time of arrival at the
response point for the first reflection off of a plate edge. As it turned out, the peak of the first positive

hump in the acceleration data appeared to be the defining acceleration level. Thus, there was good
agreement between the experimental and computational data as far as determining which point from the

acceleration data to use for comparison of the various plates.

The calculated peak acceleration values for each plate and load combination are presented in Table 4.

It was interesting to note that the computed peak values for the steel plates matched up with the

experimental data quite well while the results for the aluminum plates were not in agreement. The

computational values for the aluminum plates were consistently off from the experimental data, thus
raising the thought that a multiplicative factor such as coefficient of restitution should have been

incorporated into the loading function for the aluminum plate calculations. The lack of a restitution
coefficient, however, turned out not to be a problem in that the attenuation functions for the experimental

and computational results ended up being very similar. The attenuation functions will be discussed in

detail in the following analysis section.

Table 4. Computed Acceleration Values for Each Plate and Load Combination

Plate/Load 00 j 3020 60r 900 120-0

ms/l 222.7 205.0 192.8 187.1 200.8

ms/2 342A 309.9 295.3 302.0 317.5
ms/3 476.7 441.3 417.2 419.3 439.1

a!/l 409.2 372.3 361.3 346.7 361.9

al/2 636.1 577A 541.9 539.3 564.7

al/3 873.6 811.6 774.4 765.0 807.3
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ADINA-PLOT VERSION 4.0.3. 16 FEBRUARY 1993
Mild Steel 12.5a AT 30 DEC. - LOAD I
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ADINA-PLOT VERSION 4.0.3. 22 FESIMARY IMS
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AODINA-PLOr VERSION 4.0.3. 22 FEUMJAY 1993
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9. ANALYSIS

The tabulated expeimental data as shown in Appendix B and computational data were downloaded

to a persond computer where a program called "SYSTATr was used for analysis of the results. The tin

step in the analysis was to verify that there was in fact a relationship between the acceleration at the

response point and the angle at which the plan were joined. Using linear regression, a straight line was

fitted to the data for each set of plates and impact condition. Although the straight line did show that

there was a relationship between angle and acceleration, the fit to the data was not good. The next step

was to attempt to fit a polynomial function to the data. A quadratic polynomial was attempted firM and

showed good signs of improvement in that more of the variation in acceleration levels, as presented by

the polynomial function, was explained by the variation in plate angles. This was shown by a statistic

called the squared multiple correlation (R2) or correlation coefficient (R) (Miler and Freund 1977). Re is

the ratio of the variation of the regression sum of squares for a given regression model to the variation

of the total sum of squares for a given data set. The closer this ratio is to unity, the more efficient the

model is at prediction. This ratio is given in the following equation:

R2  E (91 _ )2,(8
Ely,- ) 2

where

= model predicted values,

= grand mean of data set, and

Yi= experimental data points or observations.

The R2 values were quite good for fourth-order polynomial function, but the shape of these functions

was counterintuitive. The quadratic functions were adopted due to the shape of the fourth-order functions

and the fact that quadratic polynomials fit the computational data extremely well. The fourth-order

polynomial equations are presented in Appendix C for completeness.

Once the equations for acceleration were determined, they had to be convened into equations for

attenuation. The acceleration equations were solved for the case where the angle is 0*. The acceleration
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"Now~ -a* la by ft vim at W ao am& dai. bm ftT
oagam" Cu be lp i I i by the Ito is

AWDJMuaio *Aclrann( (9)

Th qwad&ti aecceleratin and attnh~mmla equaations follow with their resecive le value

(equatlans 10-16) flu beat e2 value (0-M9) for the mild stee plates was achieved for bue Wpm

impscfti load. The R2 value was higher for the abuinlmu planm for the kfuth-order polyuuemlul fit and

was lower for the quadratic As mentioned embIer, the le value was almost 1.0 for all

of the cormpu-alional results which was expected since the computations did nX include the effects of

welds or varIation of impact. ftme from one drop to dhe next. Nowte dt the R? values ate quift low for

the experimental dama its. Since the equations below wue broken out separately for load and nmarIal

types, the low e2 values indicate that there ane other parameters that, affet die level of acceleration as

much as. or moreum thande plate angles. Of the otuer parameters, pure experimemael enor and the welds

are suspected to be major cowuributor. In addition aD the e2 statistic, there ame other measures doat could

have been applied. for example. to show how much of the total possible variation in acceleration due ID

plate angl was actually explainied by the quadrtfc fuctions.

Mild Steel: Ladi1: R2 0.142

ACC = 180.6 -51.5 (ANG) +19.1l(ANGA2

AIT! = I - 0.28 (ANO) + 0.106 (ANO?. (10)

Mild Steel:I =oa: R2 -0.445

ACC = 419.8 -200.3 (ANG) + 78.1 (ANO92

ATr = - a-0477 (ANO) + 0.186 (ANO) 2. (11)

Mild SteeL Lmad: R2 -0.592

ACC = 721.2 -468.5 (ANG) + 206.6 (ANO9;.

An! a i - 0.650 (ANo) + 0.28 (Am?9. (12)
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Aluinim: Loadl: R2 a, 0.243

ACC a 183.3 - 64.6 (ANG) + 29.4 (ANG) 2;
AlT = 1 - 0.352 (ANG) + 0.155 (ANG?. (13)

Aluminum: Load2: Ra 0.137

ACC a 349.7 - 81.0 (ANG) + 26.1 (ANOA

Al" - I - 0.232 (ANG) + 0.075 (ANG9ý. (14)

Aluminum: L.Od3: R- = 0.309

ACC = 513.7 - 218. 8 (ANG) + 114.9 (ANGA

ATr = 1 - 0.426 (ANG) + 0.224 (ANG)2 . (15)

ADINA m for both materials and all three loads resulted in vtually the aL- equatim

with R2 values ranging from 0.971 to 0.999. The attenuation equation based on tbe comput l data

follows:

ATr = I - 0.2 (ANG) + 0.08 (ANG• (16)

Figures 17-22 are plots of the quadratic acceleration equations and the associated expeunmenta data

for each impact load. Figures 23 and 24 show the quadratic acceleration equations and associated

acceleration data from ADINA. Note that as the e2 values suggest, the quadratic equations fit the

copu •ational data very well. Finally, Figures 25 and 26 contain plow of the atenuation functions for

the ompuiol and expmrental results. Note that only one equation is plotted for the comp

data because the equation was virtually identical for all three load conditions. The altenuation factor that

one would obtain from these plots or through the use of the equations is a multc factor for the

peak acceleration as the shock crosses a welded joint. TMus, a factor of 0.8 means that the acceleration

is aneuated, by 20%. T11 attemnation function plots and equations should not be used for angles beyond

1200. It is unknown, at this time, how well extrapolations beyond the limits of the axpeimental data

would predict atienuation
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Figure 19. Ouadratlc function fitted to exeimna data for mild steel tolates sublected to load 3.
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Upon review of doe two adei o plts an should aml aevua point. Mw atteuatio fbml.

for 60~ alu111ON1lua -U M very simila segardlm of the Impact load. For dhe mild Wel phes. doe
functions optead out soniewbat for die dilbuat loeds. but at my Simu motgte duensi fuialnctmeion does
not appear to vary mom thdun about 25%. Also of intres here wre die ron;puta-l-nI r y derived attenation

functions duthappa to be false than, the experismentally derived functions and which did not show mny
effect of load variation. 11ia is perhaps due to die welds noet bain accounted for in fth comiputationse and

to some experimental, variation in the impact lomla A fina point to mention is dhe fac dt thatde

computatinfrm ADINA showed no difftaucm in the angle attenuiation functio for the mild steiel sex!

aluminumn plates, Ibis is noet a surprise in that in elastic model was used. distance to die response point

was held constantt =W weds were not incorpouated. Thus. dhe only remaining paramete that could have
an effect on shock attenuation was the angle formed by the platsm.

10. CONCLUDING REMARKS AND FUTU1RE WORK

Experimental and computational analyses were performed to determine if angle variaton between
welded armor plates has an effect on shock attenuation. As a result of this effort, it has been shown that
there is an effect, and attenuation fuinctions; have: been provided for thre impact conditions and two

material types. These functions are given in equations 10-16. It is interesting to note that Barrtt and

Kacena (1972) also looked at joint attenuation and came up with a conservative estimate of 40 percent
across a fiat bolted joint. This bit of information fits in nicey in that one would expect a bolted joint so
have a greater attnuation factor than a completey welded Joint. Unfoitunately, Barrett and Kacena did

not investigate the effect of plate: anigle variation.

The computational work showed that attenuation across the Joints was constant over the range: of

materials and impact conditions. The experimental work showed that the attenuation functions were at

least in the same general neighborhood over the range of materials and impact conditions considered. in

particular, the attenuation functions provided for the alunmium plates were quite similar for all three
impact conditions.

It was shown that simple finite element models could be used to derive attenuation functions that are

in die range of functions based on experimental data. However, the fact that data from the experiments

was required for derivation of loading functions for the finite element program suggests that one would

40



have to continue t conduct experiments to obtain the proper loadin functions for various impact lomb

and types of impa.

There is a substantial amount of work that could be conducted to advance fhlher u of

shock attenuation across joints. A continuation of similar wo&. as presented in this document, taking

acceleration data and transorming it into Shock Response Spectra (SRS) would certainly be worih while

since component standards for shock are given in this form. It is rcommended that the use of lar

target plates be investigated for this purpose. Lare plae ar important for this purpose so that the

shock could be measured for loge periods of time before reflections from boundaries would interfere.

Note that "small" plates were used for this effort since only the very first portion of the shock was

analyzed. The question still remains as to whether the first portion of the shock is mafficiem for

characterization of attenuation effects. Additionally, work including larger impact loads, different impactor

shapes, different loading mechanisms such as blast, various welding techniques, additional materials, cast

targets that would not require welds, and 4ifferent joining techniques such as bolting would be of

considerable interest. Also, an attempt should be made at improving or changing the experimental setup

used for this effort. The purpose here would be to reduce the experimental error which was shown to be

high by the R2 values.
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APPENDIX A:

SAMPLE ADINA FLE AND OUTPUTS
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This appendix conains a complete ast of input and output files and figures for I of the 30 ADINA

runs recqui for this efforL. This set of files and figures includes the input and output les for ADINA-

IN aid ADINA-PLOT, a figur of the phate eometry howing element size and node lctons, plots of

acceleration in mete/uecoad vs. time at the response point and the accelendion data in tabular fare.

ADINA-IN and ADINA-PLOT were run on a Silicon Gramics 3100TX and ADINA was nrn a a

Cray sup ter. ADINA-IN was used to set up the plate Scomeuy and loading conditions for

ADINA. ADINA actually performed the number crunching for each node point, and ADINA-PLOT was

used to extrc the desired information for the response point.
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INPUT FILB NO. 3

FILICUNITS LIST- 1,.007 8C4O-7
FCONTROL HEADING-U1PPER ORIGZN-LOUPIZVT
CONTROL POT,-PERCENTf EIGHT-1.25
WORKSTATION SYSTU-13 3AC=GROUWD->I2IT

DATABASE CREATE
HEAD '14ld Steel 12.5us AT 60 DEC. - LOWAD 11

MASTER IDOP-000000 NSTEP-86 DT-0.000001
PRINTOUT VOUMS6-NAXINUN IPRIC-0 IPRIT-0 CARDIMAGE-NO IPDATA-3
PORTHOIZ FORMATTED-YES FILE-60
t

COORDINATES
ENTRIES NODE X Y S

1 .1524 -. 1524 0. TO
13 .1524 .1492 0 TO
25 .1524 .2993 -. 2608 TO
37 -. 1524 .2993 -. 2608 TO
49 -. 1524 .1492 0 TO
61 -. 1524 -. 1524 0. TO
73 .1524 -. 1524 0.

DELETE 73

I.ATERIAL 1 ELASTIC E-.209E12 NU-.3 D-7840.
EGROUP 1 SHELL RESULTS-STRESSES STRESS-GLOBAL
KINEMATICS DISPLACEMENTS-SMALL STRAINS-SMALL
ANALYSIS MASSMATRIX-LUNP) JMODS-0 METHOD-NEWOARK NWODE-10
FREQUENCIES SUBSPACE- ITERATION NEIG-'10 NNODE-10 SSTOL-I.E-10 IFPR-1
THICKNESS 1 0.0127
GSURFACE 1 13 49 61 EL1-4 EL2-4 NODES-16
GSURFACE 13 25 37 49 EL1-4 EL2-4 NOOES-16
FIXBOUNDRIES DIR-123456 TYPE-LINES
25 37
61 1
SHELLNODESDOF DOF-DEFAULT-FIVE DOF-INPUT-SIX TYPE-L
13 49
TIMEFUNCTION 1 IFLIB-2 FPAR1-2.203E06 FPAR2-0
LOADS CONCENTRATED TYPE-NODES

138 3 3250 1 0

FRAME
VIEW ID-1 XVIEW-1 YVIEW-0 ZVIEW-0 ROTATION-0
VIEW ID-2 XVIED-1 YVIEW-1 ZVIEW-1 ROTATION-C
DEPICTION SHELL-TOPBOTTON
MESH V-I NODES-30 ELDEENT-1 BCODE-ALL HIDDEN-DASHED
FRAME
MESH V-2 NODES-30 ELEENT-1 BC303-ALL HIDDEN-DASHED

ADINA
4

END)
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ADINA-IN VERSION 3.0.3. 22 FEURUARY 1993
Mild Sis.I 12.5.. AT SO DE@. - LOAD 1

ANiNA ORIOINAL XVIIIN -0-1651 z
L---j XVM1AX 0.3120

0.03ST0 YVI4IN -O.?T35 LIWNAX 0.01270

i~~~a ot//id-t o
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ADINA-IN VERSION 3.0.3. 22 FEBRUARY 1903
MoIl Si..l 12.5.. AT 60 DEC. - LOAD I

ADINA ORIGINAL XMtIN -0-2262 z
L --- a XYtAX 0.3321

0.04310 YMIN -0.4100
YVIIAX 0 1371

c :

c , wno d, 13i

5 0



• ADINA-PLOT 4 0 INPUT rIL8

"*60 DOGRE PLATE

FILEUNITS LIST-$ L)i-7 8010m7
FCONTSOL HEADING-UPPER ORIGIN-LD-ERLE
CONTROL FLMNIT-PBC36 HEIGHT-i. 25
WORKSTATION SYSTmC-13 lACKGROUID-WIITl
a

• DATABASE COMMAN TO LOAD OR OPEN THE ADINA-PLOT DATABASE

DATABASB ClREATE FORMATTED-YES
* DATABASE OPEN ai

RESPONSETYPE L4AD STEP
NPOINT CENTER HODE-265

GRAPH TIME NUL X-ACCELERATION CENTER SYM-I1 OUTPUT-ALL SUBFRAME-1133
GRAPH TIME NULL Y-ACCELERATION CENTER SYMB-1 OUTPUT-ALL SUBFRAME-1132
GRAPH TIME NULL 5-ACCELERATION CENTER SYMB-1 OUTPUT-ALL SUBFRAME-1131
ALIAS AX X-ACCELERATION
ALIAS AY Y-ACCELERATION
ALIAS AZ Z-ACCELERATION
RESULTANT ACC 'SORT(AX**2 + AY"*2 + AZ•*2)*
FRAME
GRAPH TIME NULL ACC CENTER SYMB-1 OUTPUT-ALL

RESULTANT WYE '-(0.5•AY - 0.866"AZ)'
RESULTANT SEE *-(0.866•AY + O.5*AZ)'
RESULTANT ACCC 'SQRT(WYE**2 + ZEE**2 + AX•*2)*
FRAME
GRAPH TIME NULL SEE CENTER SYMB-1 OUTPUT-ALLFRAME
GRAPH TINE NULL ACCC CENTER SYMB-1 OUTPUT-ALL

IAX CENTER NUMBER-1 VAR-ACC
*

t CHECK LISTING

CONTROL RJECT-NO LINPAG-10000
FILEUNITS LIST-9
PLIST CENTER VAR-ACCC
PLIST CENTER VAR-SmE
PLIST CENTER VAR-ACC

END
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ADINA-PLOT VIRSION 4.0.3. 22 FEMRARY IM3
"Mild steel I1.Son AT 60 DE4. -LOAD I

TIM

TIMIE

wj

* 10

TIMiE

52



ADINA-PLOT VIRSION 4.0.3. 22 FEP'V!".RY 1IM
Mild Stee -.5ea AT 60 DEG. -LIAo I

404 0

tic

4. I.

01H
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ADI*A-PWI VERSION 4.0.3, 33FISRAXY 19"31 Mild Steel 12.5m AT o0n. - WAD
FOR USS IV U.S. AMiwSaUlitic Research Lab (Abezdsess pro. Gma, LICUISW "MI
rINITE CL.30 PRGRA ADINA RXSPONSX TYP3 LOApSTEP
LISTING FOR POINT CUNTE

TINE ACCC

0.000003+00 0.000008400
1.000003-06 9.302368-04
2.000000-06 4.204753-03
3.000003IL-06 9.307842-03
4.00000306 1.447453-02
5.000003-06 1.908168-02
6.0000039-06 2.432703P-02
7.000009-06 3.23849E-02
6.0000031-06 4.41949E-02
9.0000011-06 5. 70080]3-02
1.000003-05 6. 3284IE-~02
1.100003-05 5.21622E-02
1.200003-05 1.37955E-02
1.300003-05 5.701393-02
1.400003-05 1. 525653-01
1. 500003-05 2.56309E-01
1.600003-05 3.43909E-01
1.700003-05 3.914483-01
1.800003-05 3.83494E-01
1. 900003-05 3.17996E-01
2.000003-05 2.05074E3-01
2.10000E-05 6. 18036E-02
2.200003-05 1.235253-01
2.300003-05 3.38790E-01
2.400003-05 6.29607E-01
2.500008-05 1.038973+00
2.600003-05 1.601103+00
2.700003-05 2.314493+00
2.800003-05 3.12007E+00
2.900003-05 3.894853+00
3.000002-05 4.467993+00
3.100003-05 4.659493+00
3.200003-05 4.333223+00
3.300003-05 3.452493+00
3.400003-05 2.148843+00
3.500003-05 1.16318E+00
3.600003-05 2.214593+00
3.70000E-05 3.854653+00
3.800002-05 5.360753+00
3.900003-05 6.702793+00
4.000003-05 8.076553+00
4.1000031-05 9.786383+00
4.200003-05 1.211721+01
4.300003-05 2.524343+01
4.400003-05 1.919053+01
4.50000&-05 2.381273+01
4.60000&-05 2.878833+01
4.7000039-05 3.366092+01
4.800003-05 3.792608+01
4.900003-05 4.112883+01
5.000003-05 4.293213+01
5.10000"-5 4.312983+01
5.200003-05 4.16056Z3+01
5.300003-05 3.826753+01
5.400003-05 3.301973+01
5.500003-05 2.591092+01
5.600003-05 1.810542+01
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5.700002-05 1.636573+01
5.6$0000t-05 2.$34649+01
S. 90000V-05 4.819933+01
6.000003-05 7.213153+01
6.100008-05 .9.835659+01
6.200003-05 1.253153+02
6.3000013-05 1.515413402
6.400003-05 1.75664E.02
6. 5000083-05 1. 975"90302
6.60000o9-05 2. 165668+02
6.700003-05 2.330433+02
6.8000031-05 2.47402Z+02
6.9000031-05 2.598353+02

*7.000008-05 2.70116Z+02
7.100003-05 2.775643*+02
7.200003P-05 2.811783+02
7.300003-05 2.80033E*02

*7.400003-05 2.737913*02
7.500003-05 2.633353*02
7.600003-05 2.513213+2
7.700003-05 2. 4225634*02
7.80000E-05 2.414 29E+02
7.900003-05 2. 524663+02
8.00000E-05 2.753573+02
8.100003-05 3.07242E+02
8.200003-05 3.44820E+02
8.300003-05 3.85903E+02
8.400003-05 4.295643+02
8. 500003-05 4.75520E+02
8.600003-05 5.23346E+02

ADINA-PLOT VERSION 4.0.3, 22 FEBRUARY 1993: Mild Steel 12.5.. AT 60 DOG. -LOAD

FOR USE BY U.S. ArM Ballistic Research Lab (Aberdeen PraY. Gmn, LICENSED FROM
FINITE ELEMENT PROGRAM ADINA :RESPONSE TYPE WAD STE
LISTING FOR POINT CENTER

TIME ZE3

0.000003+00 0.00000E+00
1.000003-06 9.302383-04
2.000003-06 4.204753-03
3.000003-06 9.307833-03
4.000003-06 1.447453-02
5.000003-06 1.908153-02
6.000003-06 2.43267E-02
7.000003-06 3.238403I-02
8.000003-06 4.4191731-02
9.0000031-06 5.699983-02
1.000003-05 6.326503-02
1.100003-05 5.211248-02
1.2000031-05 1.34217Z-02
1.300003-05 -5.684103-02
1.400003-05 -1.524363-01
1.500003-0 -2.561503-01
1.600003-05 -3.436743-01

*1.7000031-05 -3.910683-01
1.800002-05 -3.826603-01
1.90000E-05 -3.169173-01
2.000003-05 -2.030653-01
2.100003-05 -5.512673-02
2.200003-05 1.211993-01
2.300003-05 3.383823-01
2.400003-05 6.29S03-01
2.500003-05 1.036963*00
2.600003-05 1.601043*00
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2.70" 1-OS 3.314003400
2. 80000-O5 3.117603+00
2. 90003-OS 3. A47602+00
3. 00000-OS 4.44953J.00
3.1000013-OS 4.618653+00
3. 2000093-'OS 4.251393+00
3.300003-OS 3.292522+00
3.400003-05 1.805303+00
3.500003-OS -3.561622-02
3.600001-OS -1.987953+00
3.700003-OS -3.613913+00
3.600003-0S -S.3593583+00
3.90000-OS -6.613653+00
4.000003-OS -7.727183+00
4. 100003-OS -8. 975608+00
4.200000-O5 -1.067743+01
4. 300009-OS -1.30875Z+01
4.400003'-OS -1.63003E4,01
4.50000--OS -2.01939E+01
4.600003-05 -2.443563+01
4.700003-OS -2. 85479E+01
4.80000E-OS -3. 20132E+01
4.90000E-OS -3.43809E+01
5.000003-0S -3.53382E+01
5.10000E-OS -3.47187E+01
5. 20000E-05 -3.24466E+01
5.30000E-OS -2.84398E+01
5. 40000E-05 -2. 25151E+01
5.5000E-0S -1.434383+01
S.60000E-05 -3.48947E+00
5.70000E-05 1.0464SE+01
5. 00000-05 2.773073+01
5.900003-05 4.813335+01
6.00000'-0S 7.099193÷01
6.100008-05 9.51288E+01
6.200003-05 1.190183+02
6.300003-05 1.410513+02
6.40000E-05 1. 59839E+02
6.500008-05 1.74477E+02
6.60000E-05 1.84662E+02
6.70000E-0S 1.906243+02
6.80000E-05 1.92888E+02
6.900003-05 1.919233+02
7.000003-05 1.87792L+02
7.100008-05 1.799379+02
7.200003-05 1.671683+02
7.300003-05 1.479058+02
7.400008-05 1.205938+02
7.500008-05 8.420038+01
7.600003'-05 3.862633+01
7.700009-05 -1.510321+01
7.800003-05 -7.493298+01
7.90000-05 -1.381513+02
6.000003-05 -2.019331+02
8.100002-OS -2.639018+02
8. 20000B-05 -3.225133402
8.30000L-05 -3.7716*1;+02
8.400003-05 -4.279921+02
6.500003-05 -4.753642+02
8.600003-OS -5.193554-02

ADIKA-PLOT VERSION 4.0.3, 22 FERUY 1993: Mild Steel 12.5 AT 60 DUG. - LAD
FOR USE BY U.S. AJ• lallistic Reaearch Lab (Aberdeen Prov. emn, LC3ISm) pRaN
FINITE ELMNT PROGRAM ADIMA i RESPONSE T'YPE W4A STEP
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APPENDIX B:

TABULATED EXERMENTAL DATA
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INThM'fONALJLY LEFr BLANK.
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his appexbx conans the ta.uxlat-A expermental dat. The Uks that follow preusn the defining

aacceradion for each experiment conducted as par of this euvr, as well s mean values and standard

deviadons.

MILD STEEL PLATES:

Angle (Radians) Load No. Acc. (M/S2 ) Mean Std. Dev.

0.00 1 146.3
0.00 1 183.0
0.00 1 192.9 173.5 27.5
0.00 1 202.7
0.00 1 142.4
0.00 2 485.5
0.00 2 285.8
0.00 2 438.1 412.6 62.3
0.00 2 343.1
0.00 2 383.7
0.00 3 657.6
0.00 3 610.1
0.00 3 626.9 640.9 69.4
0.00 3 561.6
0.00 3 748.5
0.26 1 159.6
0.26 1 162.2
0.26 1 134.5 159.1 14.4
0.26 1 169.1
0.26 1 170.0
0.26 2 413.4
0.26 2 403.5
0.26 2 355.0 404.2 31.9
0.26 2 405.4
0.26 2 443.9
1.31 1 139.5
1.31 1 112.7
1.31 1 134.5 127.2 10.6
1.31 1 121.6
1.31 1 127.6
1.31 2 275.9
1.31 2 228.4
1.31 2 282.8 279.4 33.4
1.31 2 288.7
1.31 2 321.3
1.31 3 540.9
1.31 3 413.4
1.31 3 413.4 468.5 64.7
1.31 3 439.0
1.31 3 536.0
1.57 1 179.2
1 57 1 183.0
1.57 1 152.0 159.9 27.6
1.57 1 108.9
1.57 1 160.7
1.57 1 175.5
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MILD STEEL PLATES:

Angle (Radians) Load No. Acc. (M/S') Mean Std. Dev.

1.57 2 292.9
1.57 2 300.4
1.57 2 278.1 301.3 18.3
1.57 2 327.5
1.57 2 307.8
1.57 3 349.8
1.57 3 426.4
1.57 3 390.6 420.7 68.7
1.57 3 541.4
1.57 3 370.8
1.57 3 445.0
2.09 1 185.4
2.09 1 126.1
2.09 1 125.6 157.4 33.5
2.09 1 198.3
2.09 1 151.8
2.09 2 312.4
2.09 2 284.3
2.09 2 330.8 346.7 56.9
2.09 2 415.3
2.09 2 400.9
2.09 3 677.4
2.09 3 641.7
2.09 3 703.1 691.7 28.5
2.09 3 713.9
2.09 3 718.8
2.09 3 695.1

ALUMINUM PLATES:

Angle (Radians) Load No. Acc. (Ml/5) Mean Std. Dev.

0.00 1 185.4
0.00 1 188.2
0.00 1 198.7 193.4 6.1
0.00 1 197.3
0.00 1 197.3
0.00 2 352.8
0.00 2 397.8
0.00 2 389.1 375.5 19.1
0.00 2 359.7
0.00 2 378.2
0.00 3 585.3
0.00 3 595.2
0.00 3 613.7 561.2 73.4
0.00 3 432.0
0.00 3 579.7
0.52 1 137.2
0.52 1 140.5
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ALUMINUM PLATES:

Angle (Radians) Load No. Acc. (M/S 2) Mean Std. Dev.

0.52 1 142.0 143.6 5.5
0.52 1 150.9
0.52 1 147.6
0.52 2 275.9
0.52 2 254.4
0.52 2 287.3 273.6 12.2
0.52 2 278.8
0.52 2 271.8
0.52 3 312.1
0.52 3 308.4
0.52 3 398.7 355.2 53.7
0.52 3 399.8
0.52 3 9
0.52 3.1
1.05 1 116.4
1.05 1 154.6
1.05 1 102.0 131.2 19.0
1.05 1 134.7
1.05 1 143.5
1.05 1 135.7
1.05 2 277.7
1.05 2 241.0
1.05 2 265.5 266.8 14.8
1.05 2 269.2
1.05 2 284.0
1.05 2 263.2
1.05 3 416.0
1.05 3 360.1
1.05 3 418.3 401.1 30.5
1.05 3 422.7
1.05 3 426.1
1.05 3 364.2
1.57 1 203.9
1.57 1 203.9
1.57 1 178.0 191.1 13.0
1.57 1 178.0
1.57 1 191.6
1.57 2 403.0
1.57 2 427.7
1.57 2 360.9 391.2 30.0
1.57 2 373.3
1.57 3 582.1
1.57 3 620.4 585.5 37.8
1.57 3 534.0
1.57 3 605.6
2.09 1 142.1
2.09 1 164.1
2.09 1 158.2 156.2 9.0
2.09 1 153.3
2.09 1 163.2
2.09 2 273.2
2.09 2 294.2
2.09 2 179.2 257.6 47.9
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ALUMINUM PLATE$:

Angle (Radians)' Load No. Acc. (MIS3) Mean Std. Dev.

2.09 2 247.2
2.09 2 294.2
2.09 3 458.6
2.09 3 519.1
2.09 3 530.3 506.8 32.0

2.09 3 490.7
2.09 3 535.2
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APPENDIX C:

FOURTH-ORDER EQUATIONS
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J.

I1mNI1OtIALLY LEFT BLANK.
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Thi appendix contains de fouft-ore pol~yumia1 equatms duat wen derived for die eiperhowu
datL Mae equatim an pvWded to sow dke •cenmed R2 value md to aow funfdr kwe•upmh by
IasP feades. The equatiom e s fonows:

MildSteel: Load 1: R2 0.24

ACC - 166.39 + 152.06 (ANG) - 423.69 (ANGO
+ 315.12 (ANO9 - 70.82 (ANG) 4

ATr - 1 + 0.914 (ANO) - 2.55 (ANG9
+ 1.89 (ANO) - 0.43 (ANG)4

Mild Steel: Load 2: R2 = 0.56

ACC - 387.36 + 274.68 (ANG) - 951.15 (ANG)
+ 730.96 (ANG)3 - 164.13 (ANG)4

AnT = I + 0.71 (ANG) - 2.46 (ANG9
+ 1.89 (ANG) - 0.42 (ANG)4

Mild Steel: Load 3: R2 = 0.72

ACC = 661.3 + 87.59 (ANG) - 619.47 (ANG9
+ 381.12 (ANG)3 - 48.74 (ANG)4

ATr = I + 0.132 (ANG) - 0.94 (ANG9
+ 0.58 (ANG) - 0.07 (ANG)Y

Aluminum: Load 1: R2 = 0.85

ACC = 193.38 - 12.3 (ANG) - 335.42 (ANG?
+ 395.61 (ANG)3 - 113.1 (ANG)4

AT1 = 1 - 0.064 (ANG) - 1.73 (ANG)2

+ 2.05 (ANG3 - 0.58 (ANG)4
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Albfnbm: L. 2: R=0.94

ACC = 375.52 - 5.85 (ANM) - 610.82 (ANG)
+ 791.91 (ANOG - 238. (ANO)

A'rr = 1 - 0.157 (ANO) - 1.63 (ANG 9
+ 2.12 (ANO9 - 0.636 (ANG'

Aluminum: Load 3: R2 = 0.81

ACC - 561.18 - 566.87 (ANG) + 173.79 (ANG)
+ 381.93 (ANC) 3 -163.29 (ANG)4

ATw = i - 1.01 (ANG) + 0.31 (ANG9
+ 0.68 (ANG9 - 0.29 (ANG)'
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